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1 
GENERAL INTRODUCTION 
Abscission in plants is a common natural process where organs such as leaves or fruit 
are separated from the main body of the plant. Although abscission is often associated with 
senescence, it is not a death process. Abscission is an active, highly regulated cell separation 
process that occurs in response to a wide variety of developmental or environmental cues. 
Historically, abscission studies have focused on regulatory mechanisms that affect 
detachment of many types of plant organs including nowcrs, fruit and leaves. But there are 
many examples of plants that display a differential abscission process with respect to how 
and under what conditions they shed their vegetative and/or reproductive tissues. For 
example, the genetic model crop Arabidopsis thaliana readily sheds flower petals although 
the fruiting body that contains the seeds, called the silique, does not abscisc. Leaves of this 
plant are also abscission-incompetent ('marcescent') and arc retained Jong after the plant has 
died. Even within the same organ there can be differential displays of temporal and spatial 
control over abscission. This is graphically illustrated by the development and maturation of 
flowers leading to seeded fruits. After pollination the petals are shed but the fruiting body is 
retained until the seeds have matured enough themselves to abscise from the fruit (Brown, 
1997). ln tomato, the fruit itself only becomes competent for abscission when ripe. 
Developmentally programmed leaf abscission is deeply rooted in plant evolution dating at 
least to the emergence of seed plants in the Devonian some 400 million years ago (Addicott, 
1982). Environmental control over abscission adds an extra layer of complexity in 
understanding control of organ shed, and both biotic and abiotic stresses significantly affect 
retention of agriculturally important plant organs. It is thus interesting that the molecular 
genetic mechanisms that control general abscission responses and those that affect organs 
differentially remain poorly-understood. It is the latter mechanisms that this thesis targets; 
our goal was to elucidate potential mechanisms regulating observed differential vegetative 
and reproductive abscission in water-stressed cotton. Our central hypothesis, based on 
observations published in the literature and described in the next chapter, is that different 
molecular genetic mechanisms contribute to the abscission of flower buds and leaves in 
water-stressed cotton. The functional genomic approach taken to initiate testing of this 
hypothesis is presented in chapter 2. 
Thesis organization 
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This thesis is organized in the alternate format with one chapter representing a 
manuscript prepared for submission to a peer-reviewed scholarly journal. It begins with a 
literature review. The second chapter is a manuscript formatted for publication in a plant 
science journal. Next is a chapter on the work done to create the new cDNA libraries that are 
the genetic legacy of this thesis, and finally suggestions for future directions for this research. 
Bradford Dayton Hall was the principal researcher performing the work under the 
supervision of Dr. Coralie C. Lashbrook. 
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CHAPTER 1: LITERATURE REVIEW 
Cotton is one of the most widely used model systems for the study of differential 
organ abscission with literature dating to the 1950s. In 1972 Jordan and colleagues noticed 
that water stress enhanced abscission of young leaves treated with ethylene. In l 973, Lipe 
and Morgan described experiments where cotton plants were enclosed in bell jars and 
subjected to hypobaric conditions causing the soil to dry. They observed that only when they 
watered the plants did dramatic induction of both leaf and flower bud abscission occur; 
abscission during wilt did not occur. To our knowledge, water stress is the only 
environmental stress systems that can induce shed of cotton organs in response to the same 
cue at approximately the same time. Indeed, developmental abscission of vegetative and 
reproductive organs in cotton typically occurs months apart. 
Thus, environment can play a major role in regulating plant abscission. Common 
abiotic stresses such as lack of water or light can induce premature abscission. Cotton is a 
good example of a plant species where many young flower buds but not leaves may abscisc 
in response to transiently unfavorable conditions like water stress (Pline, 2003) or shading 
(Addicott, 1982). 
There are many other examples of plants that display a differential abscission process 
with respect to how and under what conditions they shed their vegetative and reproductive 
tissues. Certain species of trees, including the Pin Oak (Quercus palustris), display 
developmentally delayed abscission in leaves. Leaves are retained through the winter with 
the abscission process initiated and completed in the spring. This delayed shed could be a 
characteristic of an immature abscission zone (Addicott, 1982) although the functional 
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relationship between marcescence and abscission is unknown. Yet interestingly, reduced 
light due to sho1tened daylength in autumn may also promote the retention of organs, through 
delay of abscission, of overwintering trees such as the previously mentioned Pin Oaks. 
Biotic stress derived from pathogens or predators can also lead to organ shed by abscission 
(Taylor, 2001 ) . But here, too, different plant parts seem to have differential sensitivity to 
stress factors. In cotton and soybean it is the developing buds that lead to the 
commercialized crop that are preferentially shed in response to both biotic and abiotic 
environmental stresses. Leaves are much less prone to premature abscission in both these 
species and are typically shed only late in their respective life cycles through senescence. 
Agronomically, the premature loss of reproductive organs due to environmental stress 
routinely has a dramatic affect on yield. Under ideal growing conditions both cotton and 
soybean routinely lose almost half of their developing flowers prior to fruit set. It has been 
shown experimentally that the genetic yield potential of soybeans could be increased by 
approximately 20% if premature abscission was prevented (Carlson, 1987). It is likely cotton 
yield could be enhanced similarly. Gaining a better understanding of how abscission occurs 
in response to stress and developmental cues would certainly be very valuable to the 
biotechnologist looking to improve yield. 
Abscission is a process that can be characterized in discrete phases. 
Developmentally, the abscission layer or zone (AZ) must form first and this differentiation is 
necessary for the AZs to be competent to respond to the abscission signal (Osborne, 1989). 
Once the signal is sensed, a cascade of cellular processes occurs as diagramed in the cartoon 
below that climax with cell separation (Adapted from Patterson, 2001 ). 
Undifferentiated 
cells 
Competent for 
signal response 
Abscission 
completed 
At the molecular level, it is known that activation of cell wall hydrolases and other 
cell wall modifying enzymes are involved in organ shed. These include polygalacturonases 
(Hadfield, 1998) and endoglucanases (Lashbrook, 1994) in tomato and expansins in 
Arabidopsis (Li, 2003). Hormonal regulation of these cell wall modifying enzymes leading 
to abscission has also been established. Tucker ( 1988) demonstrated that during leaf 
abscission in bean, accumulation of cellulase (endoglucanase) mRNA and active enzyme 
levels were promoted by ethylene and repressed by auxin. Tomato and Arabidopsis flowers 
also abscise in response to ethylene treatments (Lashbrook, 1994; Bleecker, 1997). Brown 
( 1997) describes situations where precise, differential regulation of the abscission process in 
the shed of flower parts as critical to the reproductive success of the plant. Once pollination 
has occurred the petals of the flower have served their purpose and are abscised but the 
developing fruit does not (Clark, 1997). The tissue-specific gradients and antagonistic 
interplay of genetic and physiological responses to these hormones are central to the 
ethylene/auxin balance theory of abscission. This theory states that transport of inhibitory 
auxin from leaves or other tissues distal to an AZ initially inhibits ethylene synthesis and 
sensitivity necessary to initiate the shedding process. When auxin transport is reduced, 
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possibly due to an increase in synthesized ethylene that inhibits auxin synthesis, the AZ 
becomes competent to respond to ethylene and initiate shed. Suttle and Hultstrand ( 1991) 
used 14C-labeled auxin (indole-3-acetic acid; IAA) to track the movement of IAA in leaves. 
They found that when this movement was inhibited by the auxin transport inhibitor N- 1 -
naphthylphthalamic acid, ethylene induced faster and more complete abscission. 
There is evidence; however, that ethylene can not be the primary abscission signal. 
Analysis of Arahidopsis mutants that are defective in perception of ethylene (etrl-1, ein2-l) 
or that display delayed abscission response (dahl-1) show that although ethylene can 
accelerate abscission it is not the primary regulator because the mutants are capable of some 
abscission (Patterson, 2004). It is not widely recognized that the ethylene/auxin balance 
theory was developed in leaf abscission systems. In fact, Addicot ( 1982) reported that the 
effect of auxin on the abscission of corollas was almost always not inhibitory, but was 
stimulatory. In orchids, for example, treatment of the stigmatic surface with auxin promotes 
corolla shed via a stimulatory effect of auxin on ethylene production (Burg, 1967). These 
data demonstrate that hormonal control of abscission has organ-dependent components. 
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It's hypothesized that in the water stress-induced system of cotton; one abscission 
signal may come up from the roots upon relief of water-stress by re-hydration. This fits with 
the observation that leaves are induced to abscise upon rewatering (McMichael, 1972). 
Bradford and Yang's seminal 1980 paper showed ACC (l-aminocyclopropane-1-carboxylic 
acid), the immediate ethylene biosynthetic precursor, is in fact transported up the stem of 
flooded tomato plants and subsequently converted to ethylene through the action of ACC 
oxidase (Dong, 1992). It is possible that a similar ACC-mediated mechanism operates in 
cotton roots upon rewatering, a time that coincides with abscission of organs in the canopy. 
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On the other hand, studies involving root systems have shown that increased abscisic acid 
(ABA) production at the root tip can also influence the whole plant including arrest of shoots 
and promotion of leaf stomata! closure very early in the water-stress before the onset of wilt 
(Aiken, 1996). Thus, ABA is another potential signal affecting abscission although it must 
be remembered that when ABA was first isolated from cotton bolls and shown to promote 
abscission, it turned out that abscission was actually promoted by ethylene. ABA 
biosynthetic mutants are in fact capable of abscission. It has been postulated that a reduction 
of cytokinin (zeatin riboside) and potassium in the transpiration stream coupled with the 
increased ABA coming up from the roots could act synergistically as negative regulators in 
leaves (Davies, 1991). In contrast, brassinosteroid acts as a positive regulator in plant 
responses (Thummel, 2002) that can lead to induction of small auxin up-regulated genes 
SAURs (Yin, 2002). Whether or not these observations on hormonal balance relate to 
abscission is yet to be determined. But such factors that operate to varying degrees during 
water stress suggest there could be complex interactions between many of the known plant 
hormones that mediate water stress-mediated abscission. 
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CHAPTER 2: ANALYSIS OF GENE EXPRESSION IN ABSCISING LEAF AND 
FLOWER BUD ABSCISSION ZONES 
Bradford D. Hall and Coralie C. Lashbrook 
Department of Horticulture 
Iowa State University, Ames, Iowa 50011 
Manuscript to be submitted.for publication in Plant Molecular Biology 
IO 
Additional Key Words: Gossypium hirsutum (L), macroarray, plant available water (PAW) 
Abstract 
Understanding the molecular regulation of stress-induced abscission processes 
dependent upon plant water relations is critical for meeting the agricultural yield demands of 
the future. The objective of work presented here is to elucidate genetic mechanisms 
underlying differential abscission responses of flower buds and leaves to drought stress in 
upland cotton (Gossypium hirsutum L.) We developed a functional genomic foundation 
system that addresses regulation of bud and leaf abscission response processes 
simultaneously in the same plant system. This system uses plant-available water (PAW) to 
measure the water available to the plant for transpiration throughout water stress-mediated 
abscission. During water stress and stress relief by rehydration, we collected abscission 
zones from flower buds and leaves from which RNA was isolated. We used nylon 
macroarrays to array clones from a cDNA library that contained genes collected from 
abscising cotton flower abscission zones. Macroarrays were probed with bud and leaf 
abscission zone RNAs that had been converted to cDNAs by first-strand synthesis reactions 
that incorporated radiolabled a -32P dATP. Autoradiograms of macroarrays showed we could 
detect genes known to be involved in organ abscission such as expansin, chitinase and 
cellulase. However, macroarray sensitivity was to low to meet our goal of detecting 
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differential gene expression between leaf and flower bud abscission. That is, many clones 
arrayed on nylon failed to produce a measurable hybridization signal, even when clones 
represented ones expected to be expressed in abscission zones. Therefore, semi-quantitative 
RT-PCR was done using gene-specific primers designed to five transcripts of known 
sequence identity, detected within the macroarrays. Results indicated these genes are 
constitutively expressed in abscission zones collected from all treatments. New cDNA 
libraries were then constructed from leaf and bud abscission zones RN As that we expect to 
include organ-specific RNAs. These libraries will be useful in conjunction with libraries 
made from flanking regions and analysis with sensitive methods including real-time PCR and 
m1croarrays. 
Introduction 
For more than 50 years, cotton, Gossypium hirsutum (L.) has been a widely used 
model system for the study of hormone-regulated abscission. Jordan and colleagues noticed 
that water stress enhanced abscission of young leaves treated with ethylene (Jordan et al., 
1972). Lipe and Morgan (1973) described experiments in which cotton plants were enclosed 
in bell jars, subjected to hypobaric conditions and water stress. Only when they relieved the 
water stress by rewatering did a dramatic induction of both leaf and flower bud abscission 
occur. This is the only experimental model system we know in which abscission of both 
flower buds and leaves can be induced in response to the same stress at approximately the 
same time. Other stress systems (e.g. shading or flooding) selectively affect only one organ 
system, typically buds or flowers. 
Abiotic stress-induced loss of reproductive organs has significant impact on cotton 
yield. Cotton provides a good example how environment regulates organ abscission; it is a 
plant species where many young flower buds undergo abscission in response to transiently 
unfavorable conditions including water stress (Pline et al., 2003) and shading (Addicott, 
1982). 
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In cotton and soybean (Gycine max L.), developing buds lead to the harvestable crop 
and are preferentially shed in response to both biotic and abiotic environmental stresses. 
Leaves are much less prone to premature abscission in these species and are typically shed 
only late in their respective life cycles through senescence. The premature loss of 
reproductive organs due to environmental stress can have a dramatic effect on yield. 
Developmental and environmental abscission are both regulated by ethylene and 
auxin (Roberts et al. 2002). The antagonistic interplay of these hormones during abscission 
is central to the ethylene I auxin balance theory of abscission (Beyer and Morgan, 1971 ). 
This theory states that ethylene typically promotes abscission and auxin inhibits abscission. 
However it is important to note that ethylene cannot be the primary abscission signal. 
Genetic analysis of Arabidopsis mutants that are defective in perception of ethylene (etrl-1, 
ein2-l), or that display delayed abscission response (dabl-1) show that although ethylene can 
accelerate abscission, these mutants still retain the capacity to abscise (Patterson and 
Bleecker, 2004 ). 
The objective of work presented here is to elucidate genetic mechanisms underlying 
differential responses of flower buds and leaves to drought stress in cotton. In this paper, we 
are seeking new hormonal and nonhormonal mechanisms that control differential cotton 
organ abscission by using a functional genomic approach. 
Materials and Methods 
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Water·stress system for induction of organ abscission 
Seeds of upland cotton, cultivar Coker 312 were sown in 32-cell 1020 flats (Hummert 
International, Earth City, MO) in a greenhouse approximately every two weeks from 
February through August, 2003. Potting mix was either Sunshine Professional Growing 
Mix® (Sun Gro Horticulture, Inc. , Bellevue, WA) or Scott's Metro Mix 360® (Scotts 
Company, Marysville, OH). Twenty to twenty five seedlings were transplanted to 0.0 I 14 m3 
round plastic pots when the second set of primary leaves expanded. After transplant, 
seedlings were watered thoroughly. To promote rooting they were not watered again until 
the soil surface was dry. Watering thereafter was done as deemed necessary. Plants were 
fertilized with Excel mix (Peter's Excel l 5N-5P-20K Cal-Mag and Peter's 21N-5P-20K All 
purpose; Scotts Company, Marysville, OH) in a 3:1 ratio every two weeks with a Gewa 
fertilizer-injector (Gewa-Druckbehillter, Germany. Importer, Herman A. Wirth, Princeton, 
FL) on a selling that provided Nat approximately 350 mg r 1. Temperature in the greenhouse 
was set at 27 °C +/- 5 °C and supplemental irradiance was provided with high pressure 
sodium lamps set on 16-h days. Supplemental irradiance was discontinued in late June. 
Granular Marathonll® (Olympic Horticultural Products Company, Mainland, PA) was 
applied to the soil and spraying with Conserv® (Dow Agrosciences LLC, Indianapolis, IN), 
Avid® (Syngenta Professional Products, Greensboro, NC) and Mesurol® (Gowen Company, 
Yuma, AZ) following label guidelines was done to control insects. 
Water stress was imposed when the firsl flower in the given population opened. 
Typically, this was 10 wks after planting. At this time, plants were watered to capacity and 
weighed one hour later after the excess water had drained. The percentage of waler available 
to the plant for transpiration is termed plant available water or PAW (Fortin and Moon, 1999) 
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and is defined as follows: [(sample weight -Tf) I (TO-Tf)] x 100 =%PAW where TO was 
the 100% PAW at time 0 when the plant was fully hydrated and Tf was the %PAW of an 
oven-dried plant, that was the weight of the pot, soil, and plant material without water. 
Visual indicators of wilt were established with mid-wilt assigned to plants of approximately 
15% PAW, and full-wilt assigned to plants of 9 to 10% PAW. Full-wilt stage corresponds to 
a leaf water potential of about -3.5 to -4 MPa ('l'w) as determined using a pressure bomb 
(Lashbrook, personal communication). At multiple times throughout the water-stress time 
course, pots were weighed to monitor the decline in PAW. After reaching full-wilt stage, 
plants were thoroughly watered once to induce organ abscission. Samples were collected at 
multiple times during the rehydration phase with "early-rehydration" defined as 0 to 1 h after 
watering and "late-rehydration" as 4 to 6 h after watering. 
Tissue collection and replications 
At times designated TO, mid-wilt, full-wilt, early-rehydration, and late-rehydration, 
abscission zone tissue of buds or leaves were cut from the selected tissues with a razor blade, 
minimizing the amount of flanking non-abscission zone tissue. Abscission zone sections 
were placed immediately in liquid nitrogen and stored at -80 °C for later RNA extraction. 
Sample tissue from each of the five collection time points was collected from two to four 
different experimental populations of water-stressed plants. 
Total RNA isolations 
We isolated total RNA from the abscission zone samples collected during water-
stress development and subsequent rehydration (Wilkins and Smart, 1996). Yield 
quantification was determined by 260/280 nm ratios by using a spectrophotometer. The 
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quality of RNA was determined on a 1.2% agarose gel in tris-borate buffer (Sambrook et al., 
1989). 
mRNA isolation 
Poly(At RNA was selected from total RNA by using Qiagen's Oligotex Direct 
mRNA Mini Kit following the manufacturer' s protocol (Qiagen, Valencia, CA). For each of 
the five stages, three or four samples collected from different populations of plants were used 
to generate the total RNA staiting material from both tissues. Poly(At mRNA yield was 
approximately 1 % and was split into 0.2 µg aliquots and stored at -80 °C for subsequent 
radioactive probe preparation. 
Colony PCR amplification of cDNAs from a cotton flower abscission zone library 
A primary cDNA library developed from the abscission zones of field-grown cotton 
flower explants harvested on the day of floral anthesis was previously constructed (C. 
Lashbrook, unpublished). Floral explants used to prepare the library were induced to abscise 
in closed glass chambers by treatment with 10 µl -r 1 ethylene. When 50% of the explant 
population abscised, all abscission zones were excised and used to make mRNA for a custom 
cDNA library prepared by Stratagene (La Jolla, CA). Thus the library contained transcripts 
derived from abscission zones before, during, and after flower abscission. All polymerase 
chain reactions (PCR) were carried out in 96-well formal. DNA templates were provided to 
the 100 µl PCR reaction mix with a 96-well pin-tool. Each reaction contained l mM 
deoxynucleotide triphosphates (dNTPs), 0.125 units ofTaq polymerase (lnvitrogen Corp., 
Carlsbad, CA), IX PCR buffer minus MgCh. 1.5 mM MgCh, M 13 forward and reverse 
primers at 0.32 µMeach (Integrated DNA Technologies, Coralville, IA), 5 µI dimethyl 
sulfoxide (DMSO), and double deionized H20. Gel electrophoresis was performed on a 5 µI 
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sample from all PCR products to confirm size, approximate concentration, and integrity. The 
PCR products were purified (Montage system, Millipore Corporation, Bedford, MA). These 
purified products were resuspended in 50 µl of water and stored at -20 °C for later use in 
nylon array blotting. 
Blotting of cDNAs 
Using a specially designed pin-tool with a registration guide frame manufactured by 
V & P Scientific (San Diego, CA), 384 clones derived from four 96-well plates were spotted 
on one membrane. Next, the cDNAs were fixed to either Osmonics (Westborough, MA) or 
Bio-Rad Zeta-Probe® nylon membranes by using bio-dot apparatus (Bio-Rad Laboratories, 
Hercules, CA). Five µl of purified PCR product was denatured and diluted following the 
manufacture protocol to a final volume of 500 µl. Ten replicates (one for each tissue I 
treatment) from 10 of the 55 96-well plates (960 individual cDNAs) were made. Blots were 
washed in 2X sodium chloride sodium citrate (SSC), air-dried, and then DNA was cross-
linked to the membranes using a StrataLinker® (Stratagene, La Jolla, CA). In a later 
experiment, a selected set of 70 genes, including genes that are known to regulate abscission, 
were dot-blotted as described above. The 70 cDNAs had been identified previously by 
random high-throughput sequencing of plates within the library population and did not 
necessarily correspond to the same plates used to generate the nylon arrays. 
Preparation of in-vitro transcribed probes 
Radio-labeled first strand synthesis reactions were performed using Invitrogen's 
SuperScript n® reverse transcriptase (In vitro gen Corp., Carlsbad, CA) and 3-5 µCi a -32P 
dA TP (Amersham Biosciences Corp., Piscataway, NJ) were performed on the poly( At RNA 
samples from both the leaves and buds collected at the five treatment time points. There were 
ten probes total (Sambrook et al., 1989). Unincorporated nucleotides were removed using 
NucTrap® columns (Stratagene, La Jolla, CA). Total counts of the probes were determined 
by liquid scintillation counting and equivalent counts per minute of the pro hes to he used in 
hlot hybridization were established for all treatments. 
Hybridization 
Prehybridization of the macroarrays was conducted overnight at 42 CC. 
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Prehybridization solution consisted of 50% formamide, 6X sodium chloride, sodium 
phosphate, EDTA buffer (SSPE), O. J % sodium <lodecylsulfate (SDS), SX Denhardt's 
reagent, and 0.3 mg·mr1 alkaline-treated salmon sperm DNA. Prehybridization solution was 
replaced with fresh medium of the same formulation, then ra<liolabeled probes were added to 
the solution and hybridization was allowed to go overnight. Hybridization solutions were 
drained and filters were washed first in 2X SSC, 0.1 % SOS at 25 °C. then in 2X SSC, 0.1 % 
SDS at 50 °C, and finally in l X SSC, 0.1 % SOS at 50 °C. The same hybridization conditions 
were used for all macroarrays. 
Autoradiography 
Hybridized membranes were placed on 35 x 43 cm Kodak X-OMAT AR scientific 
imaging film® (Eastman Kodak Company, Rochester, NY). Exposure time was initially 20 
to 21 h at -80 "C. Because four of the samples strongly hybridized in the selected subset of 
70 cDNA, exposure time was reduced to l 0 h. After the strongly hybridized <lots in the 
selected 70-gene experiment were cut from the nylon membranes, exposure resumed for one 
week at -80 "C to allow weaker signal detection. 
Sequencing to confirm cDNA identities 
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Plasmids that contained the four strongest and one weak-signal cDNAs were isolated 
by using the "Wizard® Plus mini-prep kit" (Promega Corp., Madison, WI). For sequence 
identity confirmations, standard-read sequencing of clones was done by the Iowa State 
University sequencing facility. Identity of clones was confirmed by Basic Local Alignment 
Search Tool (BLAST) searches of the National Center for Biotechnology Information 
(NCBJ) data base. This information was used to design sequence-specific primers for RT-
PCR reactions . 
Reverse transcription PCR (RT-PCR) 
First-strand cDNA synthesis reactions were performed by using poly-T primers and 
Invitrogen SuperScript n® reverse transcriptase (Invitrogen Corp., Carlsbad, CA). This was 
followed by PCR in the Biometra Tgradient® thermocycler (Gottingen, Germany) using 
sequence-specific primers designed to the 3' ends of the five cDNAs. Template for these 
reactions was 876 ng samples of total RNA treated with DNAse (Ambion, Austin, TX) and 
quantified using the NanoDrop® spectrophotometer (NanoDrop Technologies, Wilmington, 
DE). Reaction conditions were: 4 min at 94 °C followed by 30 cycles of 30 sat 94 °C, 30 sat 
54 °C, 30 sat 72 °C completed with a single cycle of 5 min at 72 °C. RT-PCR products were 
analyzed by 2% agarose gel electrophoresis in tris borate buffer and visualized by ethidium 
bromide staining on a transilluminator. 
Results 
Water-stress system for induction of organ abscission 
Greenhouse grown upland cotton (Gossypium hirsutum, L.) was used to produce 
abscission zones for RNA isolation. The system allowed staging of treatments so tissue 
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could be collected at predictable, reproducible stages of imposed drought-stress. Figure l 
illustrates the growth stages of cotton from the seedling stage through the growth stage at 
which drought-stress was imposed. Drought-stress was imposed when the first flower in the 
given population opened. Typically, this was IO wks after planting (Fig. IC). Plant 
available water (PAW) was used as a non-invasive measure of the water available to the 
plant for transpiration. Figure 2 depicts the three stages of water-stress occurring between 
fully hydrated TO state and the full-wilt stage that corresponds to approximately 10% PAW. 
Figure 3 shows the typical decline in potted plant weight as a function of the percent PAW. 
Figure 4 shows the location where the abscission zones of buds and leaves will form. 
Water-stress induced formation of abscission zones in flower buds was evident by the 
full-wilt stage and in some instances buds detached prior to rehydration. Frequently 
however, buds did not detach until water was restored, possibly due to a need for turgor 
pressure on the proximal side of the abscission zones to complete the shedding process. In 
contrast, leaves typically initiated the abscission process only after the water-stress was 
relieved. Formation of the leaf abscission zones was not evident until 6- I 2 hr after 
rehydration and by the following day many flower buds and older leaves would fall off with 
a gentle touch (Fig. 5). 
Tissue collection and yields 
Sample tissue from each of the five time points was collected from two to four 
different experimental populations of water-stressed plants. Typically fresh weight yield of 
abscission zones was one to two grams per population of plants grown. 30 separate bud 
abscission zone and 42 leaf samples were taken and frozen at -80 °C. In addition to the bud 
and leaf tissue utilized in this study. 29 peduncle and 31 pulvivi samples were also collected 
and frozen for library construction. Fresh weight of these tissues was approximately twice 
that of abscission zones. 
Total RNA isolations 
20 
Total RNA was isolated from the abscission zone tissues. Yield quantification was 
determined by 260/280 nm ratios by using a spectrophotometer and averaged about 200 µg 
of total RNA per 0.5 g tissue (Table l ). The quality of the RNA was determined by gel-
electrophoresis. Sharp banding was seen corresponding to the larger 28S and l 8S ribosomal 
RNAs (Fig. 6) . These data indicate the RNA was not degraded and was suitable for use as 
macroarray probes or for library construction. 
Colony PCR amplification of cDNAs from a cotton flower abscission zone library 
A primary cDNA library, containing 5280 clones (55 96-well arrays), developed from 
the abscission zones of field-grown cotton flower ex plants harvested on the day of floral 
anthesis was previously constructed. This cDNA library had been stored at -80 °C in an E. 
coli host strain. A copy set of this library was made in order to test the viability of the strains 
and to preserve the mother set. Nearly all 5280 grew and these were used to inoculate over-
night cultures for colony PCR. Gel-electrophoresis was done on all products to confirm size, 
approximate concentration, and integrity. Figure 7 is representative of the consistency in 
yield, and size variation of the cDNAs. An extraneous 100 b.p. band appeared in PCRs run 
on cultures stored at 4 °C (data not shown). Thus, only fresh over-night cultures were used 
for this procedure. 
Preparation of in-vitro transcribed probes 
First-strand cDNA synthesis reactions, incorporating radiolabled a -32P dA TP, were 
performed on total RNA samples, primed with poly-T primers, from both bud and leaf 
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abscission zones collected at the five targeted time points. Total counts of the probes were 
determined by liquid scintillation counting. Incorporation of radiolabled a _:i1P dATP was 
consistent from sample to sample, typically with less than 30% specific activity variance 
between probes. The 70-cDNA experiment had a 17% variance in specific activity between 
nine of the 10 probes. The early re-hydration sample from leaves had the lowest specific 
activity. Normalization of the other probes to be used in blot hybridization was based on the 
lowest one (Table 2). 
Macroarray analysis 
384-well format macroarrays - pin-tool method 
1152 cDNAs were spotted in 384-well format on nylon membranes using a pin-tool 
(four 96-well plates I membrane). Autoradiograms of these blots showed that using the pin-
tool was unreliable as many variations in hybridizations between the duplicated technical 
replicates were evident. These variations included both large differences in hybridization 
signal emitted and sectors lacking any signal (Fig. 8). 
In order to obtain more consistent spotting of our rnacroarrays, we thus turned to dot-
blotting our cDNAs to the nylon with a 96-well format apparatus. A validation study was 
first conducted to ascertain whether or not the bio-dot method could produce consistent 
results. In this experiment, three different concentrations of DNA from the same colony PCR 
reaction were blotted and hybridized to a single probe. Figure 9 shows the results were 
consistent using the bio-dot apparatus and therefore we utilized this method of macroarray 
preparation for all subsequent experiments. 
96-well format macroarrays - Bio-Dot method 
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960 randomly selected cDNAs (ten 96-well plates) were blotted on nylon 
macroarrays. Surprisingly, autoradiograms from these hybridizations looked nearly identical 
between all water-stress and rehydration treatments and between the flower-bud and leaf 
samples (Figs. I 0 and 11 ). The changes that are seen between the treatments and tissues 
apply to all cDNAs detected and therefore represent the normal variation in sensitivity 
inherent in the nylon macroarrays. 
Macroarrays were then made containing 70 cDNAs with identities that had been 
established previously by random sequencing of plates within the cotton flower cDNA 
library population. cDNAs were selected and categorized into their gene product's 
respective biochemical or genetic process. These clones included sequences known to be 
involved in abscission of other species, and encoded such products as hormone biosynthetic 
enzymes, stress-response proteins, cell-wall modifying enzymes, pathogenesis-related 
proteins, and transcription factors. For controls, we included constitutively expressed 
housekeeping genes. Autoradiograms from these hybridizations detected 4 signals after 
overnight exposures (Fig. 12). Hybridization signals displayed detectable regulation that 
correlated with the temporally distinct timing of leaf and flower bud abscission we 
previously observed. Specifically, hybridization signals of four transcripts increased in bud 
samples by full-wilt (Fig. 12 A), but this peak in each transcript was seen only in leaves at 
early rehydration associated with first abscission of that organ (Fig. 12 B). 
Quantitative measure of the relative hybridization signal from the four cDNAs was 
done by cutting the spots from the nylon array and counting the radioactivity by liquid 
scintillation. Figures 13 and 14 graph quantitated expression patterns seen in flower bud and 
leaf abscission zones, respectively. After the strongly hybridized dots were excised from the 
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nylon membranes, exposure resumed for one week at -80 °C to allow detection of weaker 
signals. A single additional transcript was detected, only in the late rehydration sample from 
leaves (data not shown). 
Sequencing to confirm identity of cDNA detected 
Plasmids were isolated that contained the four strongest and one weak-signal cDNAs 
to confirm their identity. Standard-read sequencing of clones was done. identity of clones 
was confirmed by Basic Local Alignment Search Tool (BLAST) searches of the National 
Center for Biotechnology lnformation (NCBI) data base (Table 3). 
Semi-quantitative reverse transcription PCR (RT-PCR) 
Primer specificity test 
Sequence-specific primers for RT-PCR reactions were designed to the 3' ends of the 
five cDNAs detected by hybridizations of macroarrays (Table 4). Specificity of the primers 
was tested using the plasmid DNA prepared for sequencing as template. All primers 
produced single-banded products, of the expected size, from both template concentrations 
tested (Fig. 15). 
RT-PCR on tissue-specific RNA 
Semi-quantitative reverse transcription PCR, using the sequence-specific primers for 
the five genes detected, was performed on RNAs isolated from flower-bud and leaf 
abscission zones collected from our abscission-induction system. Templates for these 
reactions were samples of total RNA treated with DNase to remove any genomic DNA 
contaminants. RT-PCR products were analyzed by 2% agarose gel (Fig. I 6). Single-banded 
products of the expected size were observed from four of the five genes tested. In the 
reaction using primers specific to the auxin response protein, a doublet appeared that was not 
seen in primer test reactions run using plasmid DNA that had been used for sequencing and 
in the primer specificity test. These results were confirmed in an independent experiment 
(data not shown). 
Discussion 
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A functional genomics system was developed using upland cotton (Gossypium 
hirsutum L.) as a model crop. We investigated the molecular-genetic basis of observed 
differential abscission of cotton leaves and flower buds in response to relief of water deficit. 
Greenhouse-grown plants produced ample quantities of flower-bud and leaf tissue for 
RNA extractions. We found it important to be pro-active with insect control incorporating a 
granular, systemic insecticide in the potting mix and well timed spaying. Additionally 
regular fertilizations produced healthier, more vigorous plants. The "hot borate" RNA 
extraction protocol produced consistently high quality and reasonable quantities of RNA to 
make the radiolabeled probes used in this study as well as for new cDNA library 
construction. Colony PCR from E.coli containing the cotton flower abscission zone cDNAs 
was used to generate targets for hybridization to our cDNA collected from drought-stress 
induced cotton flower-bud and leaf abscission zones. Nylon macroarrays were constructed, 
first in 384-well format by coordinately stamping four 96-well arrays onto a single sheet of 
nylon. Although this method allowed higher-throughput screening of cDNAs, the 
inconsistency from array to array introduced too much variation in hybridization signals to 
compare treatments or tissues. Dot-blotting using the bio-dot apparatus provided reasonable 
consistency in target preparation. A drawback using this method however is the lower-
throughput of samples, 96 at a time. Probes were prepared from poly-T primed total RNA 
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samples collected from drought-stress induced cotton flower-bud and leaf abscission zones 
by incorporating a -~2P dATP in first-strand cDNA synthesis reactions. These probes were 
hybridized against the macroarrays made from the cotton flower abscission zone library. 
Strong hybridization was detected by autoradiography for less than I 0% of the cDNAs 
probed. Strikingly, the hybridization patterns displayed on the film were essentially the same 
from treatment to treatment as well as between flower-bud and leaf samples. Our experiment 
with the 70 known cDNAs detected 5 transcripts, 4 with strong hybridization signals and one 
only detected after a week-long exposure. Subtle hints of up-regulation was seen that 
seemed to follow the pattern of flower-bud shed as plants approach full-wilt and leaves 
abscising after watering. Unexpectedly, as with the earlier macroarrays, all strong signals 
follow the same patterns of intensity for all genes suggesting the variation is due to flux in 
the system and not true regulation. The constitutive expression patterns in all transcripts 
detected was unexpected and may indicate that the sensitivity of macroarrays is insufficient 
to address our objective of detecting regulation in this system. Although our macroarray 
approach did not detect modulation in gene expression, it was important to explore this 
system by using readily available and relatively low-cost methods. 
Our next approach employed semi-quantitative reverse-transcription PCR (RT-PCR) 
targeted to the 5 genes detected by macroarray. The thermocycler program was setup to end 
while still in the dynamic range of the reaction. Expression was detected in all treatments I 
tissues with single-banded products produced form 4 of 5 genes targeted. Interestingly, a 
doublet appeared in the reaction with primers targeted to an auxin response protein (ARP). 
The size difference between the expected size product and the second band is about 125 
nucleotides, a common size for plant intrans. Detection of this doublet raises some 
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interesting questions. ls this an artifact of PCR or perhaps a real result? Cotton is an 
allotetraploid and is known to show variability in homeologous gene-pair expression patterns 
(Adams and Wendel, 2004). This could be an example of both homeologs being expressed 
simultaneously. Another explanation could be this is a case of alternative splicing of 
mRNAs producing two different length transcripts from one gene by skipping the excision of 
an intron. The size increase in the RT-PCR products is consistent with the latter hypothesis. 
Distinct timing of organ abscission in flower buds and leaves was observed; with leaf 
abscission directly correlated with the onset of and subsequent relief from water stress, but 
bud abscission began to occur earlier during wilting. Our lack of detection of differentially 
regulated transcripts with the techniques employed could be due to a number of factors. For 
instance, the primary library from the explanted, ethylene-treated flower abscission zones 
may not have had the same population of transcripts that are in flower-bud or leaf abscission 
zones. Additionally, the flower library was derived from excised flowers treated with 
ethylene and may have had too many stress-induced genes associated with the method of 
tissue harvesting to detect the drought-stress-induced genes we targeted. A drawback to 
using the macroarray approach was an unavoidable consequence of the low-throughput 
characteristic of the screening method; we were not able to screen enough genes via the 
nylon arrays to detect potential regulation of transcripts corresponding to less highly 
expressed genes. 
Through further analysis using real-time PCR or microarrays, the genetic factors we 
revealed in this study ultimately will lead to a better understanding of how responses of 
different plant parts to common abscission cues are regulated. This enhanced understanding 
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may, in turn, suggest strategies that will allow biotechnologists to tailor plants to respond to 
water or other stresses in a manner that will minimize abscission-based yield losses. 
Acknowledgements 
We thank undergraduate research assistant Erik Romsdahl for his technical assistance 
loading gels, high school intern Catherine Swoboda for pin-tool spotting of nylon arrays, and 
Horticulture Department Greenhouse Manager Arlen Patrick for his outstanding work 
controlling insects and keeping the greenhouse going. This work was supported by a grant 
from the ISU Plant Science Institute, Iowa State University and funds from the ISU College 
of Agriculture. 
Literature Cited 
Adams, K.L. and Wendel, J.F. 2004. Exploring the mysteries of polyploidy in cotton. 
Biological Journal of the Linnean Society. 82:573-581 
Addicott, F.T. 1982. Abscission. University of California Press, Berkeley. 
Beyer, E.M., and P.W. Morgan. 1971. The role of ethylene modification of auxin 
transport. Plant Physiol. 48:208-212. 
28 
Fortin, M-C., and D.E. Moon. 1999. Soil and Water: Errors associated with the use of soil 
survey data for estimating plant-available water at a regional scale. Agron. J. 91 :984-
990. 
Jordan, W.R., P.W. Morgan, and T.L. Davenport. 1972. Water stress enhances ethylene-
mediated leaf abscission in cotton. Plant Physiol. 50:756-758. 
Lipe, J.A., and P.W. Morgan. 1973. Ethylene, a regulator of young fruit abscission. Plant 
Physiol. 51 :949-953. 
Pline, W.A., R. Wells, G. Little, K.L. Edmisten, and J.W. Wilcut. 2003. Glyphosate and 
water-stress effects on fruiting and carbohydrates in glyphosate-resistant cotton. Crop 
Sci. 43:879-885. 
Patterson, S.E., and A.B. Bleecker. 2004. Ethylene-dependent and -independent 
processes associated with floral organ abscission in Arabidopsis. Plant Physiol. 134: 194-
203. 
Roberts, J.A., K.A. Elliott and Z.H. Gonzalez-Carranza. 2002. Abscission, dehiscence 
and other cell separation processes. Annu. Rev. Plant Biol. 53:131-158. 
Sambrook, J., E.F. Fritsch, and T. Maniatis. 1989. Molecular Cloning, A Laboratory 
Manual, Second Ed. Cold Spring Harbor Press, New York. 
Wilkins, T.A. and L.B. Smart. I 996. Isolation of RNA from plant tissue, pp. 21-41. A 
laboratory guide to RNA: Isolation, Analysis, and Sythesis. Wiley-Liss Publishers, Inc., 
Indianapolis, IN. 
Tables 
Table 1. Treatment stage and sample replications used for RNA isolations from cotton 
bud abscission zones (top) and cotton leaf abscission zones (bottom). RNA yields from 
0.5 g frozen tissue. Individual sample and the average yield from the specific tissue are 
shown. 
Sam~le PAW Treatment stage I time ~ost-reh~dration Total RNA ~ield (f:!g) 
56 100% TO 147 
99 100% TO 161 
102 100% TO 464 
61 15% Mid-wilt 135 
68 15% Mid-wilt 202 
52 10% Full-wilt 200 
57 10% Full-wilt 582 
67 10% Full-wilt 138 
53 Early re-hydration I 0-15 min. 164 
119 Early re-hydration I 0-30 min. 147 
62 Late re-hydration I 4.5-6 hours 532 
69 Late re-hydration I 4 hours 240 
96 Late re-hydration I 6 hours 104 
Average yield - buds 247 
Sam~Ie PAW Treatment stage I time ~ost-reh~dration Total RNA yield (f:!g) 
71 100% TO 165 
81 100% TO 90 
84 100% TO 156 
19 15% Mid-wilt 177 
51 15% Mid-wilt 141 
11 10% Full-wilt 60 
23 10% Full-wilt 150 
25 10% Full-wilt 208 
49 10% Full-wilt 133 
48 Early re-hydration I 1 hour 141 
90 Early re-hydration I 0-30 min. 282 
115 Early re-hydration I 15-30 min. 246 
46 Late re-hydration I 4 hours 239 
17 Late re-hydration I 4.5-6 hours 189 
86 Late re-hydration I 6 hours 222 
Average yield - leaves 173 
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Table 2. Activities of radiolabeled first-strand cDNAs used for probing the 70-cDNA 
macroarrays. l µl of each probe was used to measure the incorporation of a -32P dA TP 
into the cDNAs made from the cotton abscission zone RNAs by liquid scintillation. The 
percentage of each probe added to the hybridization solutions are shown on the right. 
Treatment 
TO 
Mid-wilt 
Full-wilt 
Tissue 
Buds 
Early re-hydration 
Late re-hydration 
TO 
Mid-wilt 
Full-wilt 
Leaves 
Early re-hydration 
Late rehydration 
Counts per 
minute 
81672 
80645 
73739 
87989 
87993 
87253 
84447 
72798 
56929 
86189 
% of probe used to normalize 
activities 
70 
71 
77 
65 
65 
65 
67 
78 
100 
66 
30 
Table 3. Genes hybridized to cDNA probes made from mRNA 
extracted from cotton Gossypium hirsutum (L.) flower bud and leaf 
abscission zones. Note: Stong signal refers to signals detected by 
autoradiogram with a 10 h exposure. Weak signal refers to the signal 
detected only after a one wk exposure. 
Genes Hybridization signal 
Auxin response protein Strong 
B-galactosidase Strong 
Chitinase Strong 
Ex pans in Strong 
Cellulase Weak 
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Table 4. DNA sequences of gene-specific primers used in RT-PCR reactions. Note: F refers to 
the forward, 5' to 3' direction of the primer and R refers to the reverse direction, 3' to 5 '. 
Genes Direction Primer sequence Annealing 
(5' to 3') temperature °C 
Auxin response protein F GCAAACAACAACCTTGCC 52.9 
R AAGGGAAGGATGGATGGAAG 54.2 
~-galactosidase F ACAAGAATACGGAGTGACGG 54.4 
R TGGGCAAAAAATCTCAGCAG 53.8 
Chitinase F TCTCAACTCCAATCTCAGCC 54.2 
R CATTACCTCCGAAAAACCACC 53.9 
Expansin F AACCCAACTACTCTCCCAC 53.8 
R TGAAGGCAAGCGTTAAAGG 53.3 
Cellulase F ACCATTTTCGCACACCAC 53.7 
R ATTACCTAACTCCGAGCCC 53.7 
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Figures 
A) 
C) 
Figure 1. Growth stages of cotton used for RNA isolation from the targeted tissues. A): 
One week old seedlings (foreground) and ready for transplantation at two weeks (rear). B): 
Plants after transplantation to 3-gallon pots. Moving back in photograph, cotton plants at 
three, five and seven weeks of age. C): At right are 10 week old plants ready to begin 
drought stress. Left, plants are nearing full-wilt at approximately 6 days after watering for 
TO weights. 
Figure 2. Water-stress progression in cotton plants. Right: 10 week old cotton 
plant in the fully-hydrated state defining 100% PAW. Middle: Same plant at mid-wilt 
(15% PAW). Right: The plant has reached full-wilt at approximately 10% PAW. 
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Plant weight vs 0/o PAW 
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Days post watering 
Figure 3. PAW Chart. Chart of the decline in the weight of the potted cotton plants verses 
the % plant available water (PAW) over time. Shown are the weights averaged from six 
plants. 
Figure 4. Arrows indicate the sites where abscission zones were collected. Left: 
future site of a flower bud abscission zone. Right: future site of a leaf abscission 
zone. 
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Figure 5. Rehydrated cotton plant 22 hours 
after drought-stress relief. Flower-buds and 
leaves abscising in response to relief from 
drought-stress. 
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Figure 6. Total RNA isolated from eight cotton 
flower bud or leaf abscission zones samples. 
Samples are run on a 1.2% agarose gel. Left lane is 1 
µg of Lambda Hindlll molecular weight standard. 
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M 
Figure 7. Colony PCR amplification of cDNAs from a cotton flower abscission zone 
library. Shown are 32 samples of PCR products run on a 1 % agarose gel. 5 µl from the 
100 µl reaction were loaded. Molecular weight marker "M" is I µg of Lambda HindTIL 
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Figure. 8 Autoradiogram of 384·well format macroarrays. Shown is a side-by-side 
comparison (technical blot-replicates) of two 384-well macroarrays each stamped with four 
96-well cDNA arrays from the cotton flower abscission zone library using a 96-pin tool. 
Dashed boxes outline the individual nylon arrays. Solid boxes outline sectors that exemplify 
the variance seen in hybridization signal detected between the replicates hybridized to the 
same probe. 
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Figure 9. Validation study autoradiogram of 96-
well bio-dot blot macroarray. Outlined are three 
separate 96-well cDNA arrays, top to bottom, 
spotted with doubling concentrations of the same 
DNA on nylon using bio-dot apparatus. Note 
nearly identical signals from the different 
concentrations of DNA spotted, hybridized to the 
same probe, exposed on the same film. 
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Figure 10. Autoradiograms of 96-well bio-dot macroarrays probed with bud abscission zones. Nylon arrays are spotted 
with cDNAs from an ethylene-induced cotton flower abscission zone library then probed with radiolabeled cDNAs isolated from 
cotton flower-bud abscission zones of drought-stress and rehydration treatments. Outlined in each panel are five separate 96-
well cDNAs probed with cDNA from tissue indicated. Panel A. fully hydrated tissue, B. mid-wilt, C. full-wilt , D. early re-
hydration, E. late re-hydration. 
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Figure 11. Autoradiograms of 96-well bio-dot macroarrays probed with leaf abscission zones. Nylon arrays are 
spotted with cDNAs from an ethylene-induced cotton flower abscission zone library then probed with radiolabeled cDNAs 
isolated from cotton leaf abscission zones of drought-stress and rehydration treatments. Outlined in each panel are five 
separate 96-well cDNAs probed with cDNA from tissue indicated. Panel A. fully hydrated tissue, B. mid-wilt, C. full-wil t, 
D. early re-hydration, E. late re-hydration. 
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Figure 12. Autoradiogram of 70-cDNA macroarray. 
Outlined are the approximate locations of the 70-cDNA grid 
on the nylon array. Panel A. are blots probed with 
radiolabeled flower-bud abscission zone cDNAs. Panel B. 
leaves. Each, top to bottom: probes made from fully 
hydrated, mid-wilt, full-wilt, early re-hydration, and late re-
hydration. 
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Figure 13. Numbers on the y-axis indicate the fold-increase in hybridization 
strengths of four cDNAs over the fully-hydrated state. Radio-labeled cDNA were 
made from mRNAs collected during water stress-induced floral abscission of cotton 
flower buds and hybridized to 70-cDNAs on nylon macroarrays. (ARP, Auxin response 
protein.) 
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Figure 14. Numbers on the y-axis indicate the relative changes in hybridization 
strengths of four cDNAs over the fully-hydrated state. Radio-labeled cDNA were 
made from mRNAs collected during water stress-induced floral abscission of cotton 
flower buds and hybridized to 70-cDNAs on nylon macroarrays. (ARP, Auxin response 
protein.) 
[ pair 1 ] [ pair 2 ] [ pair 3 ] M [ pair 4 ] [ pair 5 ] 
Figure 15. Primer specificity test. Primers designed to abscission 
zone cDNAs were tested using two different concentrations of 
plasmid DNA. In each of the five pairs shown, reactions were run 
with 25 ng of plasmid template on the left and 2.5 ng on the right. 
Gene order: beta-galactosidase, expansin, auxin response protein, 
lambda hindIII marker, chitinase and cellulase. 
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48 
Figure 16. Semi-quantitative reverse-transcription PCR (RT-PCR). Gel electrophoresis 
of RT-PCR products. In each gene series the first five lanes are bud abscission zone samples 
and the second five are from abscission zones of leaves with treatments in the following 
order: Fully-hydrated, mid-wilt, full-wilt, early re-hydration, late re-hydration . The five 
genes giving the strongest hybridization signals are shown. Top tier: lanes 1-10 Auxin 
response protein (Arp), lane 11 "M" 100 bp marker, lanes 12-21 expansin, lanes 22-31 Beta-
galactosidase. Bottom tier: Lanes 1-10 chitinase, lane 11 "M" 100 bp marker, lanes 12-21 
cellulase, lane 22 is blank and lane 23 "C" is the positive control from the reverse 
transcriptase kit. Results from a duplicate experiment confirmed the doublet in ARP and 
demonstrated that the three blank lanes within samples in these data are where the RT-PCR 
reactions malfunctioned. 
CHAPTER 3: TRANSCRIPTOME PROFILING IN ABSCISSION ZONES 
AND FLANKING TISSUES THAT MAY CONTRIBUTE TO ABSCISSION 
REGULATION: TISSUE-SPECIFIC cDNA LIBRARY CONSTRUCTIONS 
AND PRELIMINARY DA TA ANALYSIS. 
Introduction 
Developmentally and environmentaJly induced abscission are complex processes 
involving hormone and genetic signaling. Many studies have focused on the gaseous 
hormone ethylene, a key signaling molecule that accelerates events occurring within the 
cascade of cellular processes leading to organ shed. This work aims to identify additional , 
currently unknown molecular events controlling early abscission responses of flower buds 
and leaves facing environmental stress. 
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Earlier work by Lashbrook and Klee (unpublished) detected large amounts of 
ethylene liberated from the tissues distal to the abscission zone prior to organ shed when 
compared to tissues somewhat further away (Personal communication). The Oower peduncle 
and leaf petiole pulvinus, serve analogous structural functions, they connect a reproductive or 
vegetative organ to the main body of the plant. We hypothesize that hormones and other 
factors produced by these tissues are important in contributing to the initiation and/or 
regulation of stress-induced organ abscission. Specifically, we hypothesize that the floral 
peduncle and leaf petiole pulvinus are sites involved in relaying the primary abscission signal 
to the abscission zone for recognition and that the ethylene known to promote cell separation 
response in the nearby abscission zone is at least partially synthesized in these tissues. 
The work reported here lays the genetic foundation to address questions of how 
abscission processes are regulated in abscission zones of leaves and flower buds and their 
flanking tissues in response to stress. The potential to assign key roles in abscission 
regulation to pulvinus and/or peduncle tissues is a novel aspect of our research relative to 
published studies. 
Materials and Methods 
Tissue collection and pooling of total RN As 
50 
The cotton abscission zones from flower buds, leaves and the distal flanking tissues 
the peduncle and petiole pulvinus were excised from drought-stressed cotton plants using 
razor blades and processed into RNA as described in Chapter 2 of this thesis. From all four 
tissues, equal amounts of total RNA spanning the entire drought-stress collection series from 
fully hydrated (TO), mid-wilt (-15% plant available water, PAW), full-wilt (-I 0% PAW), 
early rehydration (0 to 2 h. after watering), and late rehydration (2 to 48 h.) were pooled, 
totaling approximately 500 µg. 
cDNA library constructions 
Poly A(+) RNA was selected from each 500 µg sample using Qiagen's Oligotex 
Direct mRNA Mini Kit as per the manufacturer's protocol (Qiagen Inc., Valencia, CA). 
Primary libraries were made from the respective tissues using approximately 5 µg of the poly 
A(+) RNA by using the UniZap XR vector system kit (Stratagene, La Jolla, CA) following 
the manufacturer's protocol. RNA was treated with methylmercury hydroxide to relax 
secondary structure. First strand synthesis reactions were run incorporating methyl-dCTP in 
order to protect the Xho I site used in later steps from restriction. An aliquot was spiked with 
a. -
32P dA TP (800 Ci/mmol) to serve as a radioactive control reaction to be run later on an 
alkaline gel. Second strand synthesis reactions were run using first-strand cDNAs as 
templates. Extra dCTP was added to prevent methyl-dCTP used in first-strand reactions 
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from methylating the second strand cDNAs. An aliquot was spiked with a. -32P dATP (800 
Ci/mmol) to allow later assessment of the efficiency of synthetic reactions through 
autoradiography. Size fractionation was performed using l ml disposable drip columns made 
from serological pi pets filled with Sepharose CL-2B in 1 X sodium chloride, Tris, EDT A 
buffer (STE). Columns were loaded with radioactively-spiked cDNA and fractions of 3 
drops each (approximately 100 µI) were collected from each of four libraries until elution of 
tracking dye showed cDNA elution to be complete. An ethidium bromide plate assay was 
performed to quantitate the DNA content in fractions. An 8 µl aliquot from fractions 3 to 9 
was collected and run on a non-denaturing polyacrylamide gel. Fractions were pooled as 
follows prior to ligation of a small quantity into the UniZAP vector. Leaf abscission zones 
(LAZs) fractions 5-8; pulvini fractions 4-8, and 9-12 pooled separately; peduncle fractions 4-
8 and 9-12 pooled separately, bud abscission zones (BAZs) fraction 5-8 and 9-12 pooled 
separately. A small amount of each of the six ligation reactions was packaged into phage 
using Gigapack III Gold packaging extract. Two packaging reactions were done for each 
ligation by adding 1 µl or 2.5 µl quantities of the ligated cDNA to the packaging mix. The 
volume of each packaging mix prior to cDNA addition was 0.5 ml. The two packaging 
reactions for each tissue were titered (Table 1) and then pooled for retitering (Table 2). A 
subset of the pooled primary libraries were amplified as per the kit instructions and frozen in 
7% DMSO for later use. Titers of these amplified libraries were determined (Table 3). 
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Plasmid rescue and high-throughput sequencing 
Primary library not amplified was subjected to mass plasmid rescue as per the 
Stratagene protocol modified to account for the smaller primary library titers we obtained. 
Specifically, we mixed 1.0 x 104 pfu of lambda phage and 1.0 x 108 XLl-Blue MRF, cells 
and 1.0 x 109 pfu of ExAssist helper phage. The mixture was shaken in 3 ml LB plus 
supplements as per the protocol. After heat-lysing phage particles and spinning down 
bacterial debris the rescued phagemids were adjusted to 50% DMSO and an aliquot of each 
library was sent to MWG (Germany) for transformation into SOLR cells and sequencing of 
96 clones from each of the six libraries. Prior to mailing, we established the titers of rescued 
clones by transforming a suhset of library samples into SOLR cells (Table 4). After getting 
back preliminary sequencing data from 96 clones per library, additional clones from the four 
largest size fraction-based libraries of each tissue were sequenced totaling 4000 clones. 
Sequence files were trimmed of vector sequences using the Lucy software (Song Li and Hui-
Hsien Chou, 2004). Cloned sequences were blasted against the Arizona cotton database 
(http://agcol.arizona.edu/pa ve/cotton/). 
Results 
Abscission zones were isolated from greenhouse grown upland cotton (Gossypiwn 
hirsutum, L.) and total RNA extracted. The drought stress-induced abscission system we 
developed allowed staging of plants on the basis of tissue wilting and hydration status so 
tissue samples could be collected at predictable, reproducible intervals. 
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In Figure 1, autoradiography shows that first and second strand reactions consisted of 
different size classes of cDNAs that therefore appear as smears on the gel. Size fractionation 
was performed on the cDNAs. 12 cDNA fractions were collected from each of the four 
tissues. In Figure 2, electrophoresis of sub-aliquots of the size fractions shows that cDNA 
concentration peaks at fraction 5 in three of the four libraries with leaf abscission zone cDNA 
fractions 6 to 8 showing approximately equal concentrations. Leaf and pulvinus cDNAs 
were clearly present at higher concentrations showing that cDNA synthesis was more 
efficient from their RN As. Ethidium bromide plate quantification assays determined the 
absolute concentration of DNA in fractions 4 to 12 in the peduncle and pulvinus libraries and 
fractions 5 to 12 in bud and leaf abscission zone libraries (Figure 3 ). Fractions were 
packaged as shown in Table 1. After packaging, the pooled packaging mixes from each 
primary library gave the titers shown in Table 2. Titers of the libraries were 1.5 x 104 to 
about 2.0 x 105 pfu·mr 1• Since a good representative primary library is 1.0 x 106 pfu·mr 1 and 
our libraries were -5 to 66-fold less, we cannot be confident that our libraries contain a 
representative sample of all genes in the tissues from which the libraries were made. Blue-
white color selection with IPTG and X-gal was used to determine background plaque 
abundance. Blue plaques appeared in less than 10% of the pfu observed, suggesting 
recombinant ligations occurred in the target range of 10 to 100-fold above background (data 
not shown). As expected, amplification of the libraries produced titers 4 to 6 orders of 
magnitude higher than that of the primary libraries (Table 3 ). 
A mass excision protocol was used to excise the phagemids from the phage for 
transformation into E. coli. Titers of the rescued clones were determined in order to know 
how much excised phagemid to send for sequencing. Table 4 shows the relative titers of 
plasmids in each of the six rescued libraries. 
Sequencing 
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Single-pass sequencing of the 5 ends of cDNAs was performed by MWG (Germany). 
On average, reads were approximately 600 nucleotides (nt) in length from the four larger 
cDNA fraction pools after removal of vector sequence. The two smaller-sized cDNA 
libraries where 96 clones were sequenced produced short reads of around I 00 nt long. 
Comparison of the sequences from the bud library to those from the peduncle library 
revealed 130 unique singlets only seen in bud abscission zones. A similar number of unique 
singlets were seen in a leaf versus leaf pulvinus library comparison as well as in one 
comparing bud versus leaf abscission zones. BLAST results from a small number of the 
unique sequences found in each library showed a mix of known and unknown genes were 
represented. Clones were blasted against the Arizona cotton database. After removing all 
sequences that were less than I 00 nt from consideration, it was determined that 21 % of the 
remaining expressed sequence tags (ESTs) were not represented in the Arizona collection. 
Thus, our libraries represent a pool of novel gene sequences for the cotton and plant science 
communities. 
Comprehensive analysis of the sequenced gene set is now being conducted in 
collaboration with colleagues with bioinformatics experience at ISU and will be prepared for 
publication at a later date. 
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Tables 
Table 1. Titers were determined for each primary sub-library made from cotton 
abscission zone or flanking tissues by packaging 1 µI or 2.5 µI of ligated 
cDNAs into phage. 
Tissue-specific library 
(size fractions pooled) 
Bud I (5 lo 8) 
Bud 2 (9 lo 12) 
Peduncle I (4 to 8) 
Leaf 1 (5 to 8) 
Pulvinus I (4 to 8) 
Pulvinus 2 (9 to 12) 
Plaque forming units (pfu) · mr1 
I µI cDN A packaged 
1.5 x 104 
5.0 x 104 
l.6 x 105 
2.0 x 105 
1.5 x 104 
6.0 x 104 
2.5 µI cDNA packaged 
7.0 x 103 
7.5 x 104 
6.1 x 104 
8.0 x 103 
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Table 2. Titers were determined for each primary library of cotton abscission zone or 
flanking tissue after pooling the two packaged sub-libraries of each tissue listed in Table l. 
Tissue-specific library 
Bud 
Peduncle 
Leaf 
Pulvinus 
1.6 x 104 
1.2 x 105 
8.0 x 104 
2.0 x 104 
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Table 3. Titers of amplified cotton cDNA libraries made from different size fraction pools 
of cDNAs. 
Tissue-specific library (size fractions represented) 
Bud l (5 to 8) 
Bud 2 (9 to 12) 
Peduncle I (4 to 8) 
Leaf I (5 to 8) 
Pul vi nus J ( 4 to 8) 
Pulvinus 2 (9 to 12) 
Plaque forming units (pfu) · mr1 
4.0 x 108 
1.8 x 1010 
6.5 x 1010 
5.0 x 1010 
3.0 x 1010 
3.1x1010 
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Table 4. Establishing titers of cotton cDNAs housed in Bluescript SK+ vectors 
and destined for sequencing. Titers were determined by spread-plating l 00 µI of 
E. coli cells (SOLR strain supplied with kit, at an 00260 of 1.0) transformed with 
l µI of a l: l 00 dilution of the rescued clones. Transformation mix was then 
plated on LB-agar plates containing 100 µg·mr 1 carbenicillin to select for cDNA 
containing phagemids. (Colony counts are approximate) 
Tissue-specific library 
Bud l 
Bud 2 
Peduncle 
Leaf 
Pulvinus l 
Pulvinus 2 
Colonies 
230 
500 
1000 
700 
800 
800 
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Figures 
[Control] [ Leaf [Pulvinus] [ Bud ] [Peduncle] 
1 2 1 2 1 2 1 2 1 2 
Figure 1. Autoradiogram of 1 st and 2°d strand cDNAs from 
cotton abscission zone and flanking tissue libraries. 
Electrophoresis test of 1st and 2nd strand synthesis reactions run 
on an alkaline agarose gel. Each sample-pair was run side by 
side with radioactive 1st strand sub-sample on left (darker band) 
and 1/101h of the radioactive 2nd strand reaction on right. 
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Bud abscission zones Leaf pulvini 
c 3 4 5 6 7 8 9 4 5 6 7 8 9 
Leaf abscission zones Bud peduncles 
c 3 4 5 6 7 8 9 3 4 5 6 7 8 9 
Figure 2. Autoradiograms of 32P labeled cotton cDNA library fractions run on 
a non-denaturing polyacrylamide gel. Upper Panel: Numbers indicate the cotton 
cDNA library fractions collected from cotton bud abscissions zones, left, and cotton 
leaf petiole pulvini, right. Lower Panel: Fractions 3 to 9 from cotton leaf 
abscissions zones and 3 to 9 from cotton bud peduncles. "C" is the control reaction 
supplied by the manufacturer. The heavy band in the control lane corresponds to 
the single product expected. The faint upper bands are residual activity retained in 
the loading wells. 
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Figure 3. Ethidium Bromide Plate Assay - Quantitating the cDNA size fractions. 
DNA concentrations of the different fractions collected for each cotton abscission zone or 
flanking tissue cDNA library were estimated using an ethidium bromide plate assay. The 
top series of signals within a plate are for known quantities of marker DNA, left to right, 
200 ng·µr 1 to 12 ng·µr 1• The lower series of signals correspond to the fraction numbers of 
cDNAs collected. Fraction numbers are written numerically. Fraction 1 contained the 
largest sized cDNAs; fraction 12, the smallest cDNAs. All aliquots spotted were 0.5 µl. 
Top: A. peduncle; B. leaf abscission zone. Bottom: C. bud abscission zone; D. pulvinus. 
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